Serum samples from two unrelated, clinically normal individuals lacked detectable hexosaminidase A by heat inactivation and electrophoretic analysis. In contrast, 15 and 17% of the hexosaminidase in their leukocytes and 23 and 26% of the hexosaminidase of their cultured fibroblasts had the heat stability and electrophoretic properties of the A form of this enzyme. An in vitro measurement of fibroblasts GM2 ganglioside-/3-galactosaminidase was in the range expected for Tay-Sachs disease (TSD) heterozygotes (2.5 and 3.1 versus a normal mean of 3.7). In contrast, fibroblasts from a patient with TSD, analyzed in an identical fashion, contained no detectable activity.
Summary
Serum samples from two unrelated, clinically normal individuals lacked detectable hexosaminidase A by heat inactivation and electrophoretic analysis. In contrast, 15 and 17% of the hexosaminidase in their leukocytes and 23 and 26% of the hexosaminidase of their cultured fibroblasts had the heat stability and electrophoretic properties of the A form of this enzyme. An in vitro measurement of fibroblasts GM2 ganglioside-/3-galactosaminidase was in the range expected for Tay-Sachs disease (TSD) heterozygotes (2.5 and 3.1 versus a normal mean of 3.7). In contrast, fibroblasts from a patient with TSD, analyzed in an identical fashion, contained no detectable activity.
Ten days after addition of labeled GM2 ganglioside to the medium of the cultured fibroblasts, 43 and 59% of the radioactivity taken up by the cells of these patients remained as unhydrolyzed ganglioside as compared with 94% in TSD fibroblasts and 42% in control cells.
An analysis of sphingolipid composition by high performance liquid chromatography although the endogenous level of GM2 was elevated in TSD fibroblasts (0.39 nmoles/mg protein) there was no increase in the cells of these patients (0 and 0.12 versus control of 0.17 nmoles/mg protein).
Finally, the synthesis of hexosaminidase was examined by an electrophoretic analysis of immunoprecipitates of the enzyme precursors that had been radiolabeled bv culturing fibroblasts in medium containing 13HI-leucine. ~hesestudies revealed a normal pattern of biosynthesis, processing and secretion of the a and /3 chains. The ratio of the a chain to the /3 chain, however, was in the range expected for TSD heterozygotes.
revealed a variety of late onset or atypical forms of GM2 gangliosidosis (3, 5, 7, 13) .
We present here, an analysis of the fluids and fibroblasts of two individuals that differ from the above findings. Specifically, while both of these patients had no detectable hexosaminidase A in their serum and low levels in their leukocytes, their cultured skin fibroblasts had enzyme levels similar to that found in persons heterozygous for the TSD gene. Detailed biochemical analysis of the fibroblasts indicates that these two individuals differ from other persons reported as having variant or altered enzyme forms resulting in partial hexosaminidase A deficiencies. Moreover, to date, both lack any evidence of clinical disease.
MATERIALS AND METHODS

CulturedJibroblasts.
Patient 1 is a 6-month-old, healthy male, the only child of Ashkenazi Jewish parents whose families trace their ancestry to Eastern Europe and Russia. Patient 2 is a 43-year-old woman of non-Jewish background previously described by Kelly et a/. (9) .
Fibroblast cultures were established from 2-3 mm square biopsies obtained from the forearms of the individuals included in this study. The cells were cultured and maintained in Eagle's minimum essential medium supplemented with L-glutamine, fetal calf serum and antibiotics as previously described ( 1 1, 15). Amniotic fluid cells of patient 1, obtained at the 17th wk of his mother's pregnancy, were established and maintained in culture in a similar fashion.
Hexosaminidase A (4-MethylumbellifeyI-N-acetyl-P-D-glucosaminidase). Total and heat stable hexosaminidase (N-acetyl-P-glucosaminidase) activity was determined in serum samples according Speculation to the method described by Kaback (6) . These activities were also In all likelihood, these individuals suffer from a genetic or determined in cultured fibroblasts ruptured by sonication in disphysiologic. abnormality that results in the absence of h e x o s d n -tilled water at a concentration of approximately 1 mg protein Per idase A in serum and a relative preservation of activity against m l Prior to heat inactivation, the sonicates were diluted 1:5 (v/v) both GM2 ganglioside and 4-methylumbel~ifery~-N-acety~-/3-glu-in a solution of 0.6% bovine serum albumin dissolved in citratecosaminide in cultured fibroblasts.
phosphate buffer, pH 4.4. Heat inactivation was carried out at 52°C for 0, 120 and 180 min. Fifty p1 samples were then incubated with 0.1 ml of a 3 mM solution of 4-methylumbelliferyl-N-acetylFor the past 10 years there has been much effort directed P-glucosaminide in citrate-phosphate buffer, pH 4.4, for 30 min at towards the detection of persons who are either heterozygous or 37OC. The reaction was terminated by the addition of 4.85 ml of homozygous for the gene(s) responsible for TSD (8) . One of the glycine-carbonate buffer, pH 10.0, and the fluorescence deterunexpected by-products of these efforts has been the discovery of mined as with the serum (6, 11) . a number of juveniles or adults either lacking or having greatly
The electrophoretic separation of the components of N-acetylreduced hexosaminidase A in serum. Studies on other tissues have P-glucosaminidase was performed on Cellogel (19) strips (7.8 cm generally shown these deficiencies to be similar in all tissues and x 15 cm x 500 mm) in 0.035 M citric acid-sodium citrate, pH 5.5, fluids of the same subject. Moreover, while some of these patients for 2.0 h at 4-5 mA (voltage -150) at room temperature according appeared initially to be clinically normal, follow-up investigations to the procedures of Rattazzi and Davidson (14) .
In vitro assay of ganglioside GM2-N-acetyl-P-D-galactosaminidase. GM2 ganglioside, labeled in the N-acetyl-galactosaminyl moiety by oxidation with galactose oxidase and reduction with tritiated sodium borohydride, was utilized as the substrate for the direct assay of ganglioside GMB N-acetyl-P-D-galactosaminidase according to the method of O'Brien et al. (12) . Fibroblast extracts were incubated with the labeled substrate in the presence of sodium taurocholate in citrate-phosphate buffer, pH 4.1. Follow--ing incubation, the reaction was terminated and ihe free labeled N-acetyl-galactosamine determined following separation from the labeled GM2 ganglioside on a DEAE cellulose microcolumn.
In vivo assay of GM2 N-acetyl-P-galactosaminidase activity. The ability of growing skin fibroblasts to cleave sphingosine labeled GMz ganglioside was determined by the method of Kolodny et al. (10) . Five ml of MEM containing 10% fetal calf serum, 2 mM glutamine, Pen-Strep (100 units per ml) and sphingosine-labeled GM2 (16 pM; specific activity, 21,000 cpm/nmole) was added to a confluent cell culture. After 10 days in culture, the cells were washed free of radioactivity with PBS, harvested by trypsinization and extracted with chloroform-methanol (2:l). The chloroformmethanol extract was partitioned according to the Folch procedure (2) . By this technique, the labeled, unhydrolyzed ganglioside was recovered in the aqueous (upper) phase while the products of the metabolized ganglioside were found in the organic (lower) phase.
Analysis of P-hexosaminidase synthesis. The biosynthesis and processing of the subunits (a and P chains) of P-hexosaminidase was followed by the method of Hasilik and Neufeld (4). Intact fibroblasts were cultured in medium supplemented with I3H]-leucine for 3 h, 9 h or 3 h followed by a chase of 20 h and the media and cells were immunoprecipitated with antiserum raised against placental P-hexosaminidase A. The irnrnunoprecipitates were subjected to polyacrylamide gel electrophoresis in the presence of NaDod SO4 and the radioactive bands were visualized by fluoronra~hv. ~n~~s~s o)sphingolipids. The endogenous ganglioside and neutral sphingolipid composition of the cultured fibroblasts were by both heat stability studies (Table I ) and electrophoretic analysis (Fig. 1) of serum samples obtained on several different occasions (see reference 9 for photograph of the electrophoretic results of patient 2). Similar findings were found in serum obtained from a cord blood sample at the time of the birth of individual 1. Studies on various related family members yielded results indistinguishable from those of carriers for the classical TSD gene (Table 1) .
In contrast, 23-26% of the hexosaminidase activity in cultured fibroblasts and 15-17% of the hexosaminidase in white blood cells from both of these individuals had the heat stability and electrophoretic properties characteristic of the A form of this enzyme ' Analyzed simultaneously during same experiment. (See Table I and Fig. 2 and 3) . Fibroblasts cultured from amniotic fluid obtained during the 17th wk of pregnancy of the mother of patient 1 yielded similar results (Fig. 4) . Direct evidence that this was hexosaminidase A was provided by an in vitro measurement of GM2-N-acetyl-P-galactosaminidase. As shown in Table 2 skin fibroblasts from these variants had activities at the lower end of the normal range. In contrast, fibroblasts from a known TSD patient lacked the ability to cleave the GMz-N-acetylgalactosaminide. An in vivo measurement of the ability of these fibroblasts to hydrolyze GM2 ganglioside was performeid. by culturing intact cells with sphingosine-labeled ganglioside. After 10 days in culture, 43,59 and 42% of the label taken up by cells from individuals 1 and 2 and a control was present as unhydrolyzed ganglioside (Table 3 ). In contrast, 94% of the label remained as unhydrolyzed ganglioside in fibroblasts from a known TSD patient.
As shown in Table 4 , the TSD fibroblasts were also characterized by an increase in the concentration of endogenous GM2 when compared to the fibroblasts from individuals 1,2 and a control.'In contrast, levels of other sphingolipids were similar in the1 fibroblasts from the TSD patients, patients I and 2 and the control ( Table 4) .
The abilitv of these fibroblasts to svnthesize. Drocess and excrete ' I the a and / 3 chains of hexosaminidase was examined by the method of Hasilik and Neufeld (4). Intact fibroblasts were cultured in the presence of media containing ["HI-leucine for 3 h, 9 h or 3 h followed by a 20 h chase media lacking labeled leucine. As shown in Figure 5 , fibroblasts from individuals I and 2 as well as the control, contained several radioactive polypeptides that were Cells were harvested from separate dishes after a 3 h pulse, a 9 h pulse and from a third dish after a 3 h pulse followed by a 20 h chase.
precipitated by antiserum against placental hexosaminidase A. After a 3 h chase, the label was found almost exclusively in polypeptides with molecular weights of 67K [previously shown by Hasilik and Neufeld (4) to be an a precursor] and 63K [previously shown to be a , B precursor]. There was also a trace of a peptide with a weight of 61K which is probably a form of the , B chain. By 9 h, or following a 20 h chase, the 67K a precursor was converted to a 54K chain while the 63K , B precursor was processed to a 29K chain ( p ) and several smaller fragments. As also shown in Figure   5 , both the precursors, as well as the final forms of the hexosaminidase in the variant individuals appear to be indistinguishable from those of the control fibroblasts. As shown in Table 5 the ratio of the a chain to the chains was reduced in both individuals I and 2 as compared with that found in the control. Although not as yet confirmed, this reduced ratio is that which would be predicted for individuals heterozygous for the "classical" TSD. As shown in Figure 6 , these cells also excreted the large molecular weight precursors (67K and 63K) in a normal fashion in the absence of added NHa and in increased amounts in the presence of 10 mM NH4CI. Results of mixing experiments ruled out the presence of an inhibitor of hexosaminidase A in the serum of these patients. Incubation of crude enzyme preparations from control fibroblasts with the patient's serum for periods up to 3 h at 37°C yielded no evidence of an increased rate of inactivation of hexosaminidase A. Results of heat inactivation studies of the fibroblast hexosaminidase at 37°C and 52°C were indistinguishable from cells of a carrier for TSD. Evidence against increased excretion of hexosaminidase A was provided by the finding that the urinary hexosaminidase A of patient I was lower than two controls (62 versus 383 and 366 nmoles of substrate cleaved per h). Moreover, this represented 18% of the total hexosaminidase activity in patient I versus 42 and 58% for the controls.
DISCUSSION
We report here the details of a biochemical study of 2 individuals having nonuniform deficiences of hexosaminidase A. While both of these patients lacked detectable hexosaminidase A in serum, their white blood cells and fibroblasts contained, respectively, 15-17% and 23-26% of the A form of this enzyme (Table  1) . This is in marked contrast to TSD patients where hexosaminidase A is uniformly absent in all tissues and fluids. In addition, both in vivo and in vitro studies demonstrated that fibroblasts cells from these two individuals metabolize GM2 ganglioside while TSD fibroblasts, analyzed simultaneously, lacked this ability (Tables 2 and 3 ). These cells also differ from TSD fibroblasts in that they contained cross reactive material for both the a and / 3 chains of hexosaminidase (Fig. 5 and 6 and Table 5 ) whereas TSD fibroblasts are cross reacting material negative for the a chain (4) of this enzyme. Thus, although analysis of hexosaminidase A in serum could not distinguish these variants from TSD patients (Fig. I) , fibroblast studies utilizing both artificial and natural substrates as well as tests utilizing antibodies against hexosaminidase yielded clear and consistent differences.
Differences were also found when these results were compared with previously described persons with atypical hexosaminidase A deficiencies. While many of the hexosaminidase A variants, reported to date, had partial or marked deficiencies of hexosaminidase A, the decreases appeared to be generalized, i.e., more or less uniformly decreased in each of the tissues and/or fluids examined (3, 5, 7, 13) . Moreover, in those variants with clinical disease, i.e, GM* gangliosidosis Type 11, Sandhoff and A B variant, the loss of GM2 cleaving activity in fibroblasts, when tested, has been more severe than that found in these two patients (lo. 12).
Of the variants previously described, the results given here most closely resemble those found in a 19-year-old healthy mother of a TSD child described by Vidgoff et al. (17, 18) . As with our patients, this individual was characterized by an absence of serum hexosaminidase A and preservation of both hexosaminidase A and GM2 cleaving activity in fibroblasts (17) .
At the present time, the defect responsible for the alterations in these two patients is unclear. Indeed, it is not established that the basic defect is identical in the two individuals. The data suggest that both of these patients are probably heterozygous for the classical TSD mutation. In addition these patients must also suffer from a second abnormality (genetic or physiologic) which is responsible for the nonuniform distribution of the remaining hexosaminidase A. If this interpretation is correct, the second phenomenon would result in a relative preservation of activity against both GM2 ganglioside and 4-methylumbelliferyl-N-acetylglucosaminide in fibroblasts but in an absence of the same activity in serum.
Data suggesting that these abnormalities were not due to defective synthesis or processing of precursor forms of the enzyme was provided by the results of the pulse experiments. As with control fibroblasts, the hexosaminidase was labeled in precursor forms, i.e., an a chain of 67K and a /3 chain of 63K. With time, the 67K a chain was processed to 54K form while the /3 chain was processed to a final subunit of 29K (Fig. 5) . Evidence that cultured fibroblasts from these patients retained their ability to excrete the enzyme or its precursor forms was shown by incubating the fibroblasts in the presence of NH4'. Under these conditions, secretion of the a and /3 chain precursors by the patient's and control's fibroblasts was enormously enhanced (Fig. 6) .
At the present time, it is difficult to state with certainty, the clinical significance of the biochemical findings described in these patients. The ability of these cells to cleave GM2 ganglioside in both in vitro and in vivo assays strongly suggests that both patients will escape any form of GM2 gangliosidosis. We are unaware of any individual having comparative GM2 ganglioside galactosaminidase activity who suffers from any form of GM2 gangliosidosis. Moreover, the % of hexosaminidase A (23-26%) in the fibroblasts of these persons are higher than the values reported for fibroblasts of most, if not all, of atypical GM2 gangliosidosis patients described to date (3, 5, 7, 13) .
Direct support for the above conclusion is provided by the fact that patient 2 is presently 43-years-old and in excellent health (9) . Detailed clinical examinations of patient 1 have also failed to demonstrate any clinical abnormalities; however, it must be noted that he is presently less than I-year-old. Indeed, this infant only came to medical attention as a result of the finding that both of his parents had hexosaminidase A values that fell within the carrier range for TSD. Cultured amniotic fluid cells obtained from his mother prior to his birth yielded hexosaminidase A values of 26% (range 25-3 1%) by the heat inactivation method (Fig. 4 ). An electrophoretic analysis of these cells demonstrated the presence of a strong A band indistinguishable from that seen in cells from TSD carriers. In contrast, cultured amniotic fluid cells studied in this laboratory from five fetuses affected with TSD had an average of 6% hexosaminidase with a range of 3-7.5% and no detectable hexosaminidase A by electrophoresis. Indeed, failure to detect hexosaminidase in the cord blood and multiple serum samples was the first evidence that this patient had an unusual form of hexosaminidase A. Of clinical importance is the fact that serum hexosaminidase A values will not always reflect the status of either the levels of the enzyme in other tissues or, in a few rare cases, the clinical status of the patient. Moreover when amniotic fluid cell and serum results differ, they can (and in this case did) cause severe medical and diagnostic difficulties. Hopefully, studies of this type will help to eliminate this problem and lead to a better understanding of the basic defect in these variant individuals.
